The performance characteristics of the ZnO-Bi203-based varistors can be assessed to meet the applications criteria on the basis of a systematic evaluation corresponding to various experimental conditions. This evaluation process employs the lumped parameter/complex plane analysis technique for the ac small-signal immittance data. An overall behavior of these devices is attributed to the microstructural effects via controlled grain-size and its distribution, existence of phases, carrier density in the grains, trapping states, and their role within the electrical thickness across the grain-boundary electrical barrier, etc. These factors are strongly dictated by the additives to ZnO in conjunction with the processing variables. Multiple device functions can result when a single set from a variety of processing parameters is chosen, provided the starting chemistry or composition/formulation remain invariant. The factors related to materials' history, composition recipe, and combined processing methods influence or modify relative magnitudes of the constituting elements of each trapping relaxation. Thus, these magnitudes either increase or decrease the visibility without distorting the devices' generic dielectric behavior. An identical set of experiments contributes to distinguish a good varistor performance over a poor response for surge arrester (i.e., suppressor/absorber) applications in the power systems' transient protection.
INTRODUCTION
The ZnO-Bi203 based highly nonlinear devices are commonly known as metal oxide varistors (MOVs). The electrical surge arresters are based upon the MOV blocks, arranged in a stack or in several electrically series-connected stacks in the valve section between the top and bottom terminals inside an insulating (ceramic porcelain or polymer rubber) housing. These are used extensively to protect electrical equipment and increase voltage stability.
-3 Also, reliability of electrical power distribution is achieved via transient protection against lightning, switching pulse, temporary overvoltage (TOV), etc. The MOVs are primarily composed of ZnO with small additives of Bi203 and other oxide constituents. -4 These additives control each electrically active grain-boundary (GB) electrical barrier, physically existing within the electrical length (i.e., electric field falling region), resulting from the charge trapping processes.
. [5] [6] [7] [8] [9] In general, the high resistivity exhibited by MOVs at low electric stress levels is derived from these grain boundaries, which are strongly instlating with respect to the n-type ZnO grains they surround. An overall electrical performance (including protective characteristics) of the device represents lumped behavior of the microstructural operative paths between the electrode terminals. A lumped single electrical barrier is the effective representation of the microstructural network consisting of the "m" junctions in parallel with "n" junctions in series between the electrodes. 5 In this paper, a demarcation between a good and a poor electrical performance of the MOVs, using the LP/CPA technique resolving multiple competing phenomena, is postulated. This demarcation is effective, and primarily based on the combined trapping response possessing interrelationships among each of these traps. The origin of these simultaneously operative trapping phenomena remains complicated, and attributes to several plausible simple charge states, complex radicals, and their combination.
IMMITTANCE-FREQUENCY DISPERSION
The two-terminal immittance data of the MOVs, acquired over a frequency range 10 -" Hz < f < 109 Hz, reveal multiple relaxations [5] [6] [7] . and a resonance phenomenon L5-7. The capacitances C5 and C6 (or combined CBL), in general, are nearly identical for all devices (unless otherwise the purpose of application is drastically different), and their lumped behavior is geometric. This is because of nearly uniform spatial carrier density in the ZnO grains and defect states ensuing identical electrical thickness (i.e., electric field falling depletion region) across the GB. Thus, the geometric nature of CBL causes either no or less impact on the static capacitance (i.e., i6= Ci) with ac the frequency.
The uniformity in the spatial carrier density in the ZnO grains is evidenced by the frequency-independent Mott-Schottky (i.e., 1/CL versus applied dc voltage) straight line and successfully demonstrated in reference 6. The net defect states within the electrical thickness are likely to be primarily dependent on the grainsize and phase distribution in the microstructure. The origin of these defects are 13 widely speculated-but often seem to stand alone lacking firm support. In this multi-component/phase heterogeneous device, the nature of these defects is likely to be more complex than relating them to the singular defect status of the additive species. Nevertheless, these defects within the electrical thickness presumably controis C -- [5] [6] [7] in the C*-plane (Figure 1 ). An example of each of these relaxations can be seen in references 5 and 6. The r3 semicircular relaxation is common to all well-formed devices and attributed to an intrinsic response. Often, 2 relaxation is not straightforward and found to be heavily distorted similar to the relaxation. In such cases, a wide range in measurement frequencies (including low frequencies) can delineate the total value for the ;i6= Ci. For this purpose, these data must be analyzed in the impedance (Z*) plane to obtain a single semicircular relaxation. At high frequencies (usually 10 < f < 10 nz), a resonance phenomenon emerges as a circle in the C*-plane (Figure 1 ), possessing negative values of the terminal parallel capacitance. This resonance behavior is complex 1"5'6"1 and attributed to the combined external electrode-lead configuration, built-in contact inductance of the sample holder, and possible piezoelectric grain resonance phenomenon. The variation in lead length and sample thickness with a fixed electrode area influences the onset of this behavior with respect to the measurement frequency. Three 6 6 Ci large, and
The quantities large and small are absolutely dependent on the devices' composition recipe and processing variables. Figure 1 with the possibility of undergoing a thermal runaway in the temperature range 115C < T < 140C; 2. poor heat-dissipation and/or energy-handling capability leading to a failure at high-current impulses and energy-handling tests; 3. high or increased watts-loss and capacitive-current with low-leakage resistance (in the ohmic region); 4. likely to possess higher degree of meta-stability in electrical barriers and fluctuation/drift in leakage current (or polarization effect) in the temperature range 20C < T < 90C; 5. generally higher degree of inhomogeneity in electrical path(s) within the microstructure associated with the common (intrinsic) trapping loss parameter (denoted as z3 relaxation in references 5 through 7) and large perturbation in low-frequency (usually f < 10 Hz) related interracial traps (i.e., z and z2 as referred in references 5 and 6) influenced by the polarization effect (or drift at quasi-equilibrium conditions); 
